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This is the Fourth Quarterly Progress Report which describes the 

technical progress from 1 January 1966 through 31 March 1966 under USA 

Contract No. MSW-1283. 

current reporting period resulted in the geaeration of the following papers 

submitted and/or accepted for  publication in  accredited sc ien t i f ic  journals, 

books and/or GCA Technical Reports or presented a t  sc ien t i f ic  meetings. 

Sc ien t i f ic  iuuestigations accomplished during the 

Technical Papers Submitted and/or Accepted for  Publication 

Publication 

a. Submitted 

Ionization Potent ia l  of Molecular Xenon and 
Krypton (J.A.B. Samson and R. 8. Cairns) 

J. Opt. SOC. Am. 

b. Accepted 

C02 Actinometer for  Argon Source (P. Warneck) 

Ionization Potential  of O2 (J.A.B. Sameon and 
R. B. Cairns) 

Gas Analysis by Photoionization Mass Spec- 
trometry (W. Poschenrieder and P. Warneck) 

Total Absorption Crosr Sections of CO and C02 
i n  the Region 5 5 0 - 2 d  (la. B. Cairns and 
J.A.B. Samson) 

J. Opt. SOC. Am. - 56, 408 (1966) 

J. Opt. SOC. Am. 

J. Applied Phys. 

T e c k i c a l  Papers Presezted a t  Scient i f ic  or  Professional Meettngs 

A Study of the Kinetic Energies of Electrons Produced by Photoionization 
(J.A.R. Samson and R. B. Cairns) -Presented by J.A.B. Samson at the F i f t i e th  
Anniversary Meeting of the Optical Society of America held in Washington, DOC., 
on March 15-18, 1966. 
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In Section 11, technical summaries are gfven on the work performed under 

the present contract. During the current report- period, significaat 

progress has been achieved in the f o l l w f n g  areas: 

A. 

B. 

C. 

D. 

Pbotochesistry of planetary atmospkeres 

Laboratory investigations in the VUV and the 
EUV opectral regions 

PLacetary aeronomy 

Other pertinent inforsation. 
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A. PiEoToCHEMISTRY OF PIANETARY AlMDSPBEBES 

1 1. The Role of O( D) i n  Reactions with O3 

In t h i s  work, the photolysis of oxygen a t  1 4 7 d  is  ut i l ized to  

produce O( D) simultaneously wfth O( D), and the production of ozone i s  in- 

vestigated as a function of pressure and temperature. A number of data ob- 

tained were reported in the l a s t  quarterly report  but no analysis had been 

accomplished a t  t h a t  date. 

now been performed and the r e su l t s  are given below. 

1 3 

The required k ine t ic  analysis of these data has 

The k ine t ic  mechanism on which the quantttative aualysis i s  

based can be writ ten 

0 + 2 O2 + O3 + O2 f a s t  
* 

k3 0 + 2 0 2  - 0 + 0 2  3 * 
0 + 0 2  -+ O2 + 0 k4 
* 

0 + 0 3  -e 2 o2 

* 1 where 0 sigdBes excited oxygen _ -  atoms i n  the D metastable state. Treat- 

ing the reaction space next to  the l ight  source window a s  a stirred reaction 

leads t o  the equations 
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Here, the concentrations refer  t o  the outgoing (steady-state) concentrations, 

v is the flow ra te ,  It the reactor volume and I the integrated l i gh t  intensity,  

I f  the oxygen a tom formed in the primary process (1) are nearly a l l  consumed 

i n  the  reactor, the term v A (0 )/R becomes negligible, 

concentration fs obtained from the quadratic equation 

* 
The result ing ozone 

Upon introducing the  ozone quantum yield q = (Os) v/I ,  we obtain the ex- 

pression 

which r e l a t e s  the experimental parameters q, I, v and (02) with the r a t io s  

of r a t e  constants kg/k5 and k4/k5. Accordingly, i f  the function on t he  

left-hand side of th i s  equation is plotted versus pressure, 8 st raight  l ine  

should be obtained a t  low pressures where k3(02) << k4. Such a plot  is 

shown i n  Figure 1 for the data obtained a t  room temperature. Indeed, a 

linear relationship is observed for pressures below 250mar &. The in- 

creasing nonlinearity a t  higher pressures indicates the influence of Reac- 

tton (3)- 

the l inear  portion, and Table 1 provides a l ist  of the averaged values ob- 

tained for three different  temperatures. 

Bate constant r a t io s  k /k are  then obtained fram the slope of 4 5  
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3 0 273 (0.91 2 0.23) x 10- 

24 297 (0.61 9 0.12) 

50 223 (0.47 * 0.15) x ld3 

To obtain the activation energy of Reaction (51, it  i s  assumed 

1 that  the deactivation of O( I)) by Reaction (4) proceeds with negligible tem- 

perature dependence. F'igure 2 shows a semi-logarithmic plot  of lc5/k4 versus 

the reciprocal temperature. 

lationship k5 = lc5 exp(-E/RT). 

energy E i s  found t o  be E - 2,400 f 1,400 cal, 

A straight l ine is obtained indicating a re- 
* 

From the slope of the l ine,  the activation 

Returning t o  Equation ( 9 ) ,  one can ncw inser t  the deduced aver- 

age values for k /k 

k3/ks (here assumed t o  be temperature independent) from the data a t  pressures 

above 250 unn Bg. 

molecules. 

for each temperature and determine an average value for  4 5  

The value here found is lcs/k5 = (2.1 f 1.1) cc/ 

A brief discussion i s  in  order concerning these results. A t  

a H r a t  glance, it appears tha t  nothing can be said about the absolute mag- 

aitude of the individual r a t e  constants, since only ra t ios  can be determined 

within the framework of photolytic wrk. 

can be given i n  re la t ion t o  other data available from the l i terature .  

sidering k4/ksr it is seep that  from the values given i n  Table 1, that  ks 

Hwever, upper and lower limits 

Con- 
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i s  more than a thousand tines greater than k4. 

given by the col l is ion frequency of k5 5 2.5 x 10- 

This puts an upper l i m i t  on the deactivation r a t e  constant of k4 5 10 

cc/molecules sec, 

analysis of the gas discharge data by Kvifte and Vegard") concerning t h e  

e d s s i o n  by O( D) with the resu l t  that lc4 2 ld" cc/molecules sec. Ac- 

cordingly, from ow: data k5 W 2 x ld12 cc/molecules sec. H ~ t f e ~ e r ~  the 

me upper limit of k5 is 
10 cc/molecules sec. 

- 13 

On the other hand, Bunten and I-kElroy(') have uade an 

1 

present resu l t s  a lso provide the activation enersy associated with h a c -  
* * 

t ion ( 5 ) .  S e t t i s  !E5 = k5 exp(-2,400/RT) with k5 = 2.5 x 10'lo, t h e  value 

obtained a t  room temperature i s  k5 = 4 x 

able agreement with the value given above, i s  much faster  than 

the corresponding r a t e  constant for the reaction of P ground oxygen atoms. 

12 By contrast, k 

cc/molecules see, which is by about an order of magnitude smaller than the 

rate constant value for ozone formation by 3P oxygen atoms. 

port  for  the problem of O( I)) deactivation by O2 was received under Contract 

cc/molecules sec, i n  reason- 

Hence, IC 5 
3 

Taking k5 = 4 x 10- is much smaller, gives k3 = S x 3 

Par t ia l  sup- 

1 

NO. NAS~-1341* 

1 2. The Reaction of O( D) w i t h  Nitrogen 

1 
llhile the resu l t s  concerning the reaction of O( D) atoms with 

ozone a re  reasonably complete, the re  remains t o  investigate the reaction 

with nttrogen. Data concerning the deactivation of O(iD) by nitrogen have 

been obtained i n  conjunction w i t h  the above work, although an analysis of 

these data must s t i l l  be performed. Here, however, we are  concerned with 

the reaction with nitrogen leading t o  the formation of N20. As deMore ana 

have shmm, t h i s  reaction is much slower than the deactivation 
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reaction between the sane reactants. 

duction of N20 can be expected. 

Consequently, only a negligible pro- 

1 It vias previously proposed t o  study the  reaction O( 3) + N2 --* 

N20 by photolysis of a mixture of C02 and N2, and t o  detect N20 by means of 

mass spectrometry, 

vious findings (4s5)  tha t  GO2 photolysis produces O( D) oxygen atoms and tha t  

t he i r  reaction with nitrogen is f a s t  i n  comparison t o  tha t  w i t h  carbon d i -  

oxide. 

the reaction with COP i s  rapid, whereas our present resu l t s  shag tha t  the 

reaction with B i s  S l ~ w .  This has two consequences: (a) the C02 pho- 

to lys i s  system is unsuitable for the contenplated study, and (b) t h e  use of 

mass spectrometric analysis of N20 is not suff ic ient ly  sensitive. These new 

factors  suggest t ha t  an isotype scheme employing mass spec t rmet r ic  measure- 

ments must be abandoned i n  favor of an al ternat ive scheme. In the search 

for other appropriate study methods, i t  has become apparent tha t  the pho- 

to lys i s  of ozone i n  the presence of large amounts of nitrogen provides a 

sui table  system, and tha t  mass spectrometry a s  the analytical  tool should 

be replaced by gas chromatography. 

anism follows. As deMore and Raper (3*6) have sham, the photolysis of ozone 

a t  25372 yields  O (  D) oxygen atoms in the primary step. 

have recentiy f~ is i id  zhat Lzi the prese~ce of excess nitrogen, the ozone quan- 

tun yield declines totlards two, indicating tha t  most of the O( D) oxygen 

atoms responsible for additional 0 destruction a re  deactivated. The mech- 

anism, accordingly, can be wri t ten 

The choice of t h i s  system was predicated upon our pre- 
1 

From more recent data reported by Cvetanovic,@) it appears tha t  

2 

A brief  analysis of t h e  expected mech- 

1 (7 1 Norrish and Vayne 

1 

3 
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O3 + hv + 0 + O+ 

I 

* k2 
0 4- N2 -P N2 + 0 

“2 
7- 

-* N20 

o+o, + k3 2 0 2  

* 1 with 0 si,anifying oLygen atoms in  the excited ( D) state.  It follows from 

a steady-state treatment t ha t  

k2 w -  2 lc + k2 2 kl 
-- A N2O k2 
A O3 1 

- 

so t ha t  the r a t i o  of r a t e  constants for Reactions (1) and (2) can be ob- 

tained from a determination of the ozone consumption and the N20 production, 

provided both a re  measurable quantities. The former measurement is eas i ly  

accomplished by absorption photometry. 

should be used. 

For the l a t t e r ,  a gas chromatograph 

From a statement of Norrish and tlayne,(7) the detection of 

I 

N20 appears t o  be j u s t  within the realn of possibil i ty.  
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B. LABORATOEY INVZSTIGATICElS IM THE V W  (1000-20008) AM) TBE EUV 
(BEII1I.J loo&) SPECTRAL REGIONS 

1, The Mass Analysis  of Photoionization Products 

This portion of the proman has been completed. 

have been accepted for  publication i n  the Journal of Applied Physics end 

is  t o  appear i n  the June 1966 issue, 

The resu l t s  

2. Electron Energy Spectrum Due t o  E W  and vu0 Photoionization 

The electron energy analyzer reported i n  the l a s t  Quarterly 

has been tested and found to  produce good r e s u l t s  wi th  a limiting energy 

resolution of approxinatelg 3 percent. That is, the energies 02 a group 

of electrons whose energies are in  the vicini ty  of 10 eV can be identified 

i f  the i r  energy separation is more than 0.3 eV, This resolution i s  suf- 

f ic ien t  t o  identify most electronic s ta tes  of a molecule and some of the 

vibrational states. 

The most important advance i n  this study i s  that with the pres- 

ent techniques, we have been able t o  use  monochromatic radiation with only 

a 9 bandpass t o  produce electrons within the analyzer. Thus, a consider- 

able mount of valuable information should be forthcoming. The importance 

of t h i s  technique is that  for the f i r s t  t ine  one can now give the probability 

that  a photon of a given energy w i l l  be absorbed in 8 particular molecular 

state. 

of the upper atmosphere. 

absorption processes i n  out test gas xenon, 

obtained direct ly  from the analyzer, 

These data are direct ly  applicable t o  current views on the aeronomy 

As an example, we have determined the individual 

Figure 3 shows the raw data a s  

It reveals two steps i n  the electron 

11 



OIC 143 - BOF 
I 
I 1 I 1 i 

A 

a? I 1 



current as the retardin;; potential is increased; the r a t i o  of the heights 

of these steps is equal t o  the r a t i o  of tile absorption cross sections for 

the two absorption processes which leave the ion i n  its 2 P3/2 ground s ta te  

and i t s  3 excited state. The r e s u l t s  as  a function of wavelength are  
1/2 

c i f i c  absorption cross sections for the 2 P1l2* 2 P3lz, and the t o t a l  absorp- 

t ion cross sectious. 

Referring back t o  Figure 3, the slopiag portions of the  step 

The slope indicates the  energy resolution of should ideally be vertical. 

the analyzer. 

ently poorer resolution) would indicate other absorption processes which 

were unresolved. 

Radiation of 570g xravelength i s  absorbed by nitrogen in to  i t s  ground X 

s t a t e  and in to  the excited s ta tes  A %u and B 

the steps i s  indicative of the mast probable transition. In  t h i s  case, the 

most probable t ransi t ion i s  in to  the A %u state.  This s ta te  contains many 

vibrational levels v1h2ch are  not resolved a t  present as  is evident from the 

slowly rising step in to  this transit ion (Figure 5) .  

In  the case of molecules, a nore gentle slope (i.e., appar- 

Figure 5 shows such a condition for molecular nitrogen, 
24- C 

g 
Again the magnitude of 

A major problem st i l l  t o  be solved is the effect  of the earth's 

ntagnetic f ie ld  on very slai electrons. 

build a Helmholtz co i l  t o  counteract the effect  of the earth's f ie ld ,  We 

also hope t o  improve the energy resolution of the  analyzer and i t s  

sensi t ivi ty .  

During the next Quarter, we plan t o  

The material discussed has been presented as a paper ent i t led 

"A Study of the Kinetic Energies of Electrons Produced by Photoionization" 

13 
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by J. A. R. Samson and Bo Bo Cairns a t  the F i f t i e th  Anniversary i.leeting of 

the Optical Society of b e r i c a  on March 17, 1966, i n  Washington, D. Co 

3. Atomic Hydrogen Photoionization Cross Sections 

As previously reported, experiments have been undertaken t o  

determine the most ef f ic ien t  method for producing large numbers of hydrogen 

atoms. 

discharges have been studied. 

grees of dissociation and as a result, microvave discharges are being used 

because of the i r  compactness and simplicity of operation. 

method of measuring the number density of atans bas been used. Although t h i s  

method 13  capable of measuring t h e  atom density i n  t h e  vicini ty  of t h e  gauge, 

i t  does not prwide a value for the to ta l  number of hydrogen at- per cm - 
column i n  a flowing system there pressure gradients exist. Thus, the orig- 

i na l  experiment was envisaged with a f?rede-Harteck gauge a t  both ends of the 

absorbing gas column. Zbis would allow a man atom density t o  be determined 

and hence the t o t a l  number of absorbing atoms. 

technique has been developed vhich obviates t h i s  complicated experimental 

procedure. 

without any knowledze of the number of absorbing atoms. 

t h i s  consti tutes the f i r s t  occasion upon vhich a cross section has teen mea- 

sured without such information. 

absorbing species are present; namely, ground s t a t e  5 and E. 

dence i n  the l i t e r a tu re  and from our laboratory suggests that  t h i s  is the 

case. 

Radio frequency discharges of several frequencies and microwave 

The various techniques produce s in i l a r  de- 

The Wrede-Earteck 

2 

However, a nev and novel 

This neu metbod permits the atom cross section t o  be determined 

It is thouzht that  

The method is  simple, providing only two 

Resent  evi- 

16 



Consider first a measurement of the relative absorption cross section of fl 

at two frequencies v1 and v2. 

At v1 

where only 5 is 
is the molecular 

5,  and Io/Il is 

present, L is the length of the absorbing COlmnJ U (Hov, 1 
absorption cross section, 

the ratio of the light intensities 

mitted through the gas. With the discharge on, and 

L A  

the number density of 

incident and trans- 

both % and H absorbing, 

I r 

is the atom cross 
v1) 

where I2 is now the transmitted light intensity, 

section, and N' and N/ are the number densities of 5 and H, respectively. (%) (HI 

We have : 

.*. Eliminating N/ (5) ' 

17 



2 A t  frequency v 

1 r En- i 

.. $ u(H v )] = i2 N{H> V2) 2 2  

Dividing Equation (10) by Equation (11) 

.. , are measured quantities, the 
- -  

re la t ive  values of u a t  frequencies v and v2 are known. It should be 

noted that the N/ does not appear in Equation (12). 

(HI 1 

(E) 

Once the relat ive cross sections are known, it remains t o  nor- 

malize the data by knowing the absolute cross section a t  one point. 

1 = -  
(fI V I )  2 u(H2v1)’ Reference t o  Equation (10) shows that  i f  U 

I. 
I1 = 12. then en - = 0; i.e., 

of the transmitted l igh t  i s  unaltered when the  discharge i s  switched on. 

Experimentally, t h i s  means that  the intensity I 

-- I2 
men 

t h i s  occurs, therefore, the cross section of the atom i s  known t o  equal one- 

half of the molecular cross section which can be measured; thus, the curve 

CT versus X can be made absolyte without knowing N’ H (E) = 

18 



Preliminary data for  the re la t ive  cross sections are available 

a t  wavelengths between 900 and 800% 

more strongly creating experimental d i f f i cu l t i e s  which have pet  t o  be prop- 

e r ly  surmounted. A graph i s  given of the theoretical  cross se:tion and the 

present tentat ive data which have, in t h i s  case, been normalized t o  f i t  the 

theoretical  curve a t  9 d  (see Figure 6). 

Below SO&, molecular hydrogen absorbs 

Eqeriments are  continuing t o  extend and improve t h i s  work, 

and a para l le l  experhent  - i n  whicb any long-lived ions produced i n  d i s -  

charged E$ could be detected - is tinder way. 

the supposition tha t  only E2 8nd H are the absorbing species i n  the dis- 

charged gas. 

This experiment i s  t o  ver l fy  

4. Absorption and Photoionization Cross Sections 

The ionization potentials of Xe2 and Kr2 have been determined, 

t h e  l a t t e r  being measured for  t h e  f i r s t  t i m e .  

Interpretat ion of the new data indicates t ha t  the production 

of ions i n  xenon and krypton by resonance l i ne  absorption can be ascribed 

to: 

* 
X e  + hv + Xe 

followed by 

* * 
Ite + xe -* Xe2 + xe: + e + KE . 

which has been ver i f ied i n  the case of the a lka l i  metals. 

19 
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The m y - l i n e d  spectrum of molecular hydrogen was used as  a 

photon source, while dispersion of the radiation i+as achieved by a 1/2 m 

Seya monochromator with a travelength resolution of 0.72. A windowless 

ion chamber wi th  a pathlength of 28 cmwas employed t o  fnvestigate the 

ionization result ing fron resonance line absorption by both xenon and 

krypton, although a lithlum fluoride windm was used a t  higher xenon pres- 

sures t o  study the d i r ec t  excitation and ionization of Xe2. 

gas vas used a t  pressures ranging from 1 t o  300 torr. Ion currents of the 

order of 1612 A were obtained a t  wavelengths corresponding t o  the follow- 

ing resonance l ine  absorptions: 

(n + 2) sa[1/2]0, an2 (n + 3) s [3/21°, where for  Xe, n = 5 ,  6 ,  . ..... etc. 

and m = 5, for  K r ,  n = 4, 5 ,  ...... etc. and m = 4. 

ionization was observed t o  occur a t  wavelengths l y i w  between resonance 

l i nes  and i s  at t r ibuted t o  e i the r  direct  ionization of t h e  rare gas m o l e  

cule or excitation of the molecule followed by an autoionizing t ransi t ion 

i n t o  the continuum s t a t e  of the molecular ion. 

Research grade 

mp6 'S - nd [3/2]O, (n + 1) d 13/21', 

A t  higher pressures, 

Ions f i r s t  appeared a t  963.372 i n  krypton corresponding t o  

the 4 p  - Sd resonance t rans i t ion  so that  the ionization potent ia l  of Kr2 

must be 5 12.87 eV (963.372). 

po ten t ia l  of 13.2 * .02 eV while Eornbeck and Nolnar quote a value of 

Meltoa and Haadll obtained an appearance 

,.- + 0.3 - 0.7 UmL3 

In the case of xenon, the first resonance t ransi t ion which 

produced ionization was the 5p - 6d t ransi t ion a t  l l l O m 7 l X o  Rowever, the 

21 



appearance potential of ions at  higk pressure (10 to 100 torr) was a t  

1112.7 f B. 
Xe, is 11.14 5 0.02 eV (1112.7 k a). 

Thus, it is cozxluded that the icnization potent ia l  of 

L 

The dissociation energy of the ground state of Xe2 is ,  there- 

fore, 0,99 * 0.02 eV; for Kr2, the dissociation energy is 3 1.06 eV. 

22 



1, Experimental Iwast4'aatioas 

a, Chemiluminescence frva Selected Planetary Gasea for 
M < 300oli 

The vacum ultraviolet chemiluuinescence survey has been 

completed and is teporced as follow, 

Recent shock-tube experiments have shown t>at there is 

vacuum-ultraviolet emission from the reaction of oxygexi wit3 acetylene. (4) 

identified the emission from an oxyacetylene burner in the region 

1810 to 22202 as part of the fourth positive carbon monoxide band system 

(A%). 

in the shock-tube experiments was also due tcJ the fourth positive carbon 

monoxide bands, although the principal emission in that case was 5x1 the 

region 1503 to 170& which could not be studied by Hand because of the 

molecular oxygen cutoff at 1800g. Most recently in this laboratory, the 

fourth positive carbon rpoaoxide bands in the vacuum ultraviolet were 

This identification led h i m  to suggest that the emission observed 

identified during the "cdd" reaction of atomic oxygen with acetylene. (11) 

Present interest has grown into the posoibility of vacuum ultraviolet emission 

from the reaction of other hydrocarbons as well as planetary gases with atomic 

species, 

utilizing various hydrocarbons and possible planetary gases w i t h  atomic 

oxygen, atomic nitrogen and atomic hydrogen. 

Wit5 this in mind, a survey-type investigation wes carried out 
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A cwvent ioml f a s t  f low system wa8 used throughout the 

ent i re  survey. 

argou-oxygen through a microwave discharge. 

duced in much the same way, by passing a 99:l mixture of argon-hydrogen 

through the microwave diecharge. 

charge sufficed for the production of an ample amount of atomic nitrogen. 

Atomic oxygen w a s  produced by passing a 99:lmixture of 

The atomic hydrogen w a s  pro- 

Molecular nitrogen alone through the dis- 

The atomic epecies and studied reactants w e r e  mixed in a 

reaction cell which was  maintained a t  a pressure of 800 microns of mercury. 

Adjacent t o  the mixing point, a nitric-oxide-filled GM counter was instal led 

with its lithium fluoride window inside the reaction cell. Previous ssudies 

undertaken in this laboratory have ut i l ized a (34 counter or a photon counter 

outside the reaction cell. This necessitated 8 second lithium fluoride 

window as w e l l  as a flushing system t o  minimize molecular oxygen absorption 

between the two windows. With the present arrangement, losses of radiation 

due ';o the above absorption as w e l l  as the traasmislrion through the second 

window are omitted and a lover detection l i m i t  is obtained. Since t h i s  

investigation is primarily a sumey, no slit arrangement w a s  incorporated 

aad the so l id  angle viewed by the GM counter was very large. 

Listed i n  Table 2 are the observations of the reactions of 

atomic oxygen and various c6mpounds. Zn a l l  of the observed reactions, the 

the fourth positive carbon monoxide bands are the emitters. However, since 

8- radiat ion is obtained with ammonia gas, it is conjectured that a small 

quantity of hydrocarbon is present with the gas. It is of some significance 
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t o  note that the re la t ive  intensi ty  of the radiation is dependent upon the 

chemical bond of the reactant species; Le., t r i p l e  bond is the most intense, 

double bond the next, and s ingle  bond the least, 

Relative In tens i t ies  of Chemiltmdnescent 
Vacuwn Ultraviolet Radiation 

I 

- -~ ~ ~~ 

Reactant A t o m i c  Oxygen A t a n i c  Bitragen Atomic Hydrogen 

Acetylene 
AlLene 
Ammonia 
Carbon Dioxide 
Carbon Monoxide 
Carbonyl Chloride 
Carbonyl Sulf &de 
E thane 
Ethylene 
Hydrogen Sulfide 
Methane 
Methyl Acetylene 
N i t r i c  Oxide 
Nitrogen Dioxide 
Sulfur DIoxi.de 

1000 
100 

0.1 
0 
0 
0 
0 
1 

10 
0 
0 

100 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Employing molecular nitrogen alone through the micrwave 

discharge for the production of atomic nitrogen resulted in a very high 

observed counting rate even before the admission of any of the reactant 

gases. It baa been ascertained that this radiation is due to  the Lyman- 

Birge-Hopfield band system of nitrogen. This syetem has been readily 

observed in both absorption and emission aud has been ident i f ied in the N2 

afterglow by Tanaka. (12) Since the contribution of this radiation i s  so 

large (greater than a thousand times or iginal  background), a ttue evaluation 



I 

of the existence of any result ing reaction w i t h  the reactants is not an t ic i -  

pated. 

would appreciably increase the counting rate. 

However, a survey w a s  attempted t o  ascertain whether any reactant 

None of the reactant8 did. 

A second attempt w a s  made with a mixture of nitrogen a d  

argon pass- through the microwave discharge. 

w a s  lowered (as vaa the atomic nitrogen concentration), but again no increase 

in radiation was  observed with any of the reactants. 

The background counting r a t e  

No radiation vas observed when &sing varioue reactants 

with atomic hydrogen. 

were varied as well as the ambient pressure without any change i n  the count- 

ing rate.  

The f l o w  of both the reactant and atomic hydrogen 

Although vacuum-ultraviolet radiat ion wa8 observed only in 

the reactions between some hydrocarbons and atomic oxygen, one cannot 

def in i te ly  ru le  out a reaction between the other compounds and atomic 

oxygen as well as other atomic species. 

of the n i t r9c  oxide GM counter is  only about 300g (1050 t o  1 3 d ) ,  radiation 

still  may exis t  beyond this 1340t l i m i t .  

pa6ses a larger wavelength range (1050 t o  20008) would be applied as a su i t -  

able detector for  a more extensive study. In addition, absolute in tens i ty  

values would establ ish upper limits to specif ic  reaction ra tes  t o  apply t o  

vacuum ul t rav io le t  airglow in the earth and other planetary atmospheres. 

S i n c e  the ent i re  wavelength span 

A photomultiplier tube which encm- 
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b. Fluorescence f r m  Molecular Oxygen Excited by 
Lppan-Alpb, 1215.7g 

Several alternative schemes have been proposed for the 

In addition, origin of oxygen aitglov in the earth's upper amasphere. 

8Ome of these have been closely a l l i e d  t o  the Eertzberg emiesions due t o  

molecular 0 

rather straightforward experiment wa8 performed. 

In a0 effort t o  reduce the various possibi l i t ies ,  the following 2' 

The Mdpherson V"V monochromator wa8 employed w i t h  a 

9 hydrogen light source t o  yield about 10 

exit s l i t  where an 0 

placed. 

ealtted from the excited 02. 

few am up to one atmosphere. 

fluorescence was detected although the systemwas capable of detecting a8 

'Little 8s 10 photons sec Although the experiment is not conclusive, i t  

cart be used to establish a limiting value on the fluorescence o f  O2 in the 

upper atmosphere excited by the solar Lyman-alpha line. 

photons sec-' (at 12lS.72) a t  the 

gas-filled c e l l  with l i t h i u m  fluoride wbdawe was 2 

A photomultiplier probe was employed to  detect any fluorescence 

The pressure range investigated varied from a 

The r e s u l t s  were negative in that no observable 

5 -1 

2. Theoretical Studies 

a. Model Atmosphere of Mars 

Mariner IV occultation measurements have provided some new 

data concerning the surface pressure, temperature and re f rac t iv i ty  of the 

atmosphere of Mars. These measurements show that the atmosphere essentially 
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consists of carbon dioxide with a number density of 1.9 2 1 x loi7 aolecu:es 

per cc and a temperature of 180 f 20°K at a reference level close to the 

surface. 

part of the atmosphere indicating that the temperature semains essentially 

constant. In addition, the occultation measuremznta have provided informa- 

tfon about ionospheric peak density and altitude. In the light of &is n=w 

information, it was deoirable to modify our previous model atmosphere of 

Mers and attempt a charactezization of the Martian ionosphere. 

particle distribution was obtained by considering the photochemistry of 

carbon dioxide assuming that carbon dioxide is the pzedomiaant atrnospheric 

constituent. For this purpose, the following reactions were considered: 

No significant change in scale height was observed it the lower 

The neutral 

co2 + hv 

C O + O  

C O + O + M  

O + O + M  

O2 + hv 

o + o * + H .  

0 + o3 

o3 + hv 

OLI , 
k2 , 

k4 , 
OL2 > 

> kg 

> kg 

87 

a3 

3 

> 

C O + O  X < 17502 

m2 

C02 + M 

o2 + M 

o + o  

O3 + M 

202 

o* + 0 

X < 2 4 d  

X C 30002 



Tbe other parameters employed in  t h i s  8tudy are  given in  

Table 3. Three different cases are considered corresponding to  three d i f -  

ferent temperatures and in each case, the atmosphere is assumed t o  be iso- 

thermal. 

sociation region and that  diffusion sets in a t  a higher a l t i tude  where 

photodissociation is essentially complete. 

pu te r  program was used also for the present study. 

neutral  par t ic le  distributions thus obtained are  shown i n  Figures 7, 8 and 9. 

It is  evident that the temperature has an influence upon the peak al t i tude 

of dissociation. 

It is also assuned &at  atmospheric mixing prevails up So the dis-  

The previoasly-employed com- 

The resu l t s  for the 

These i n i t i a l  models were then employed t o  calculate the 

corresponding solar pLvotoionization rate  as a function of a l t i tude  for each 

individual constituent a s  w e l l  as  the t o t a l  rate.  For th i s  purpose, a 

numerical method of summation of various components was used. The photo- 

ionization ra te ,  P, i n  ion-pairs/- sec a t  a given a l t i tude  was computed 3 

from the expression 

p =  c x 

where I (X ,Z )  is the ionizing 

given al t i tude,  ui(X) is the 

constituent for a wavelength 

flux for a given wavelength interval a t  a 

average photoionization cross section for each 

interval of lid, and n,(Z) is the number density 

for  each constituent a t  the given alt i tude.  

photoionization ra tes  corresponding to  Cases I, I1 and I11 are  Shawn i n  

Figures lo, 11 and 12, respectively. 

To i l l u s t r a t e  the data, the 

The ion density peaks are  found to  l i e  

29 
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TABLE 3 

Parameter Employed for the Study of the Ionosphere of Mars 

Reference 

Surface temperature Kliore et al. (1965) 
Case I - T = 200:K 
Case I1 - T - lSOoK 
Case I11 - T = 160 R 

Surface number density - 1.9 x 10 17- 3 mo lecule/cm 
So ar flux on :he top of the earth's atmosphere in 
SO s intervals 

Wavelength Regions 3000 to 25501 
2500 to l550g 
1550 to 502 

Average dilution factor to account for the dimi- 
nution of solar flux in the vicinity of Mars, 
I.I = 0.444 
Absorption Cross Sections 

Carbon Dioxide 

Ozone 
oxygen 

Photoionization Cross Sections 
Carbon Monoxide 
Atomic Oxygen 

Carbon Dioxide 

Photodissociation yield factors for oxygen, 
ozone, and carbon dioxide and photoionization 
yield factors for carbon monoxide, atomic oxy- 
gen and carbon dioxide are assumed to be unity 

14 4000 3 kg = 1.6 x 10- exp (- F) cm /sec 
kj = 0 

6 = 2.8 x cm /sec k4 

k6 
% 9 5 x 10-l~ exp (- 5600 

6 = 5 e;rp ( RT 'Oo0 ) cm /sec 
3 cm /sec 

Kliore et al, (1965) 

Johnson (1954) 
Detwiler et al. (1961) 
IIinteregger (1965) 

Sullivan and Eolland (1960) 

Cairns and Samson (1965) 

Romand (1962) 
Cairns and Samson (1965) 
Sun and Weissler (1955) 

Henry & Stewart , 

Da@a?s  

Mahan and Solo (1962) 

Morgan and Schiff (1963) 

Benson and Axworthy (1S57) 
as corrected by Jones and 
Davidson (1962) 
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at 170, 160, and 145 km for the parameters employed and show that these 

peaks are higher than the ionization peak at 120 to 125 km observed in the 

Mariner IV experiment. 

alternative shortcomings in the present madel. 

the problem is currently being investigated. 

This apparent discrepancy can be ascribed to several 

A further clarification of 

b. A Satellite Experiment an the Detection of 
Noctilucent Clouds in the VW Region 

One of the requirements in the present program is to 

investigate rhe role of interplanetary debris deposited in the earth and 

planetary atmospheres. 

Quarterly Rejorts in which the role of the vaporized atomic and/or ionized 

aartions of the debris were considered. 

t h l s  problem includes the role of the remaining meteoric debris; i.e., 

that which survives during its flight through the earth atmosphere to 

become micrometeorite particles. 

Previous efforts have been described in other 

However, an important aspect of 

In tbis regard, Chapman and Kendall (13) have recently 

presented rather convincing arguments t o  show that the formation of nocti- 

lucent clouds can be directly related to the continuous influx of meteoric 

debris i n t o  the earth's atmosphere. Indeed, many other investigators also 

concur on the importance of the role of meteoric debris fn the formation of 

noctilucent clouds. However, it is generally accepted that there is a lack 

of experimental observations. 

operations are severely llmited in that measurements can be obtained only 

under highly-restrictive conditions so that a requirement to detect nocti- 

lucent clouds (or dust layers) present in the earth's atmosphere on a global 

scale by a satelllte-borne device becomes self-evident. 

One reason for this is that earth-based 
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During the present Quarter, calculations w e r e  performed t o  

determine the feas ib i l i ty  of performing such a s a t e l l i t e  experiment by taking 

f u l l  advantage of the opportunity of probing in the vacuum ul t raviolet  region. 

Partial support of this phase of the program was  also obtained under Contract 

No. NASW-1292 since there is close correlation with meteorological phenomena. 

The study has Indicated that the vtm region is an optimum 

region t o  explore and that  there exists a high probability of noctilucent 

clouds in the wavelength region 1800 t o  2 0 0 d .  

work fo l low,  

A brief description of t h i s  

F i r s t ,  i t  is of prime importance t o  establish the ambient 

The VUV background radiation from the solar-illuminated earth atmosphere. 

nature and intensrty or cnxs oacxgrouna as UUL W C A A  IsLluuu Li z:=z 

isolated strong resonance tines. 

s ib l e  sources of radiation exist. 

solar u l t rav io le t  by Rayleigh scattering is probably the major contributor 

for the wavelength region of interest  here (i.e., 1800 to  200d). Accord- 

ingly, ia view of the complete lack of appropriate experimental data, a 

theoret ical  estimate of the background is obtaked by calculating the 

expected VDV scattering background due to  a solar-illuminated earth atnos- 

phere throughout the spectral  region of about 1100 t o  2OOOg. 

- c  . 

Xowever, it  is evident that  several pos- 

Among these, the dfffuse ref lect ion of 

The geometry of the problem is i l lus t ra ted  in Figure 13, 

where the solar  f lux is s h m  to be incident on top of a semi-infinite plane 

pa ra l l e l  atmosphere a t  an angle eo t o  the ver t ical .  

is assumed located above the atmosphere and looking downward i n  the direction 

The radiation detector 
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8 .  The azimuth angle, +, is defined as the angle between the direct ion of 

the incident solar  f lux and the diffusely-reflected ray. 

the incident solar  f lux and the ray reflected t o  the detector is e and is 

defined by 

The angle between 

COS e =I COS 6 COS eo + s i n  e s i n  eo COS o (13) 

The directions 9 and eo have been selected so that the angles l ie  between 

0 and 5 radians. Since it cac be shown that higher scat ter ing orders can 

be neglected i n  the vacuum ul t raviolet ,  the analysis has been limited t o  

consideration of primary and secondary scattering. 

n 

The mathematical techniques required t o  compute the 

diffusely-reflected signal levels are  complex, but essent ia l ly  follow the 

scheme of Chandrasekhar. Additionally, the model terrestrial atmos- 

phere due to  Champion (15) w a s  adopted with minor modifications, Ozone 

concentrations inferred from the measurements of Dgtsch (16) were added 

t o  the above model for  computational purposes. Absorption cros3 sections 

for  NO, 02, O3 and C02 were obtained from the compilation of Sullivan and 

Eolland, (I7) whereas the Rayleigh scattering cross sections fo r  N2 were 

obtained from the experimental resul ts  of Marmo and Mfkawa, (18) and from 

the r e su l t s  of Wilkinson. (19) For 02, the Rayleigh scat ter ing cross 

section a t  11OoiI was  assumed t o  ix 4.3 x x -22 =a2 ~*ic!z, =bee cambined 

w i t h  the  data of Landolt-Bornstein, (20) yielded appropriate values over 

the spectral  region of interest .  

The resu l t s  of the above computations performed on an 

IBM 1620 computer a re  shown i n  Figure 14 for  8 = eo 3: Oo (seen overhead 
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and with the detector looking s t ra ight  down). 

zenith angles and detector nadir angles can be obtained by the inclusion of 

the appropriate modifying trigonometric function. 

against which the signal must be observed. 

Results for  other solar  

This is the background 

Concerning the signal, it i s  of i n t e re s t  t o  point out tha t  

there is  a strong var ia t ion of detectabi l i ty  a l t i t ude  w i t h  wavelength in 

t h i s  spectral  region. This is  made evident by the data shown i n  Figure 15. 

One may take advantage of t h i s  s i tuat ion for a l t i t ude  discrimination i n  the 

observation of dust layers i n  the earth 's  atmosphere. 

in tens i t ies  from a typical noctilucent cloud have been estimated in order 

t o  evaluate the f eas ib i l i t y  of this technique and t o  ident i fy  the pertinent 

experimental. problems. &A- :f 2 ~ 2 ~ - * " * *  - *  

et al. (21) who have recently determined the s i ze  dis t r ibut ion of par t ic les  

in a noctilucent cloud by an in s i t u  rocket measurement (see Figure 16). It 

w a s  shown that only about 10 percent of the par t ic les  have diameters < 0.0% 

while fewer than 1 percent have diameters which exceed 0.3~. 

al. (21) have concluded that part ic les  whose diameters w e r e  > 0.04 were 

probably ice-coated and that the ice coating diameter is  about f ive  times 

greater  than that of the nucleus. 

applied for  the range of particle size indicated in Figure 16. 

mathematical techniques and computations are not described here; however, 

they may be br ie f ly  described as a modification of the treatments due t o  

S t r a t t o n  (*') and van de Hulst (23) i n  which the dimensionless M i e  scat ter ing 

parameter, x = 2 a / x ,  is employed throughout. 

p lo t ted  the computed angular Mie scattering coefficient as defined by 

The expected signal 

For t h i s  purpose, w e  empluyo; 

Hemenway e t  

Mie scat ter ing calculations have been 

The complex 

I n  Figures 17 and 18 are 
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Penndor f (24) for scattering angles of SO degree8 and 180 degrees, respectively. 

Finally, Figure 19 shows the average angular scattered cross sections i n  

(p! /ster integrated over the assumed size distribution a t  a wavelength of 

200d as a function of refractive index. It should be emphasized a t  t h i s  

point that again there i s  a virtual lack of pertinent experimental measure- 

ments so tha t  these computed values should be viewed with some caution. 

2 

The arguments which employ these data to  i l l u s t r a t e  the 

f eas ib i l i t y  of the proposed satellite experiment are lengthy and not 

repeated here since the subject matter w i l l  be given in  de t a i l  in  a 

forthcoming GCA Technical Report. 

that for  the reasonable estimates employed, a successful experiment can 

be performed by a satellite-borne Pastie-Ebert spectrometer for  observing 

noctilucent clouds in the res t r ic ted  spectral region XX 1800 to  19d. 

In any case, it has been derconstrated 
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ANGULAR SCATTERING CROSS SECTION (cm2-ster-l) 



111. OTEER PERTINENT INFORMATION 

During this Quarter, a technics, paper entitlec "A Study o the 

Kinetic Energies of Electrons Produced by Photoionization'' by J.A.R. Samson 

and R. B. Cairns was presented by J.A.B. Samson at the Fiftieth Anniversary 

Meeting of the Optical Society of America on March 17, 1966, in Washington, 

D. C. 

Edlen on spectroscopy, Dr. Tousey on space and solar research, and Professor 

Garton on atomic physics and its applications to astrophysics. At the 

National Bureau of Standards, a team of theoretical physicists headed by 

Dr. U. Fano are vitally interested in the results produced by our Experi- 

mental Physics Department. 

photoionization cross sections of diatomic molecules based on the publlca- 

tions of our values of the absorption cross sections of HZ, N2 and 02. 

have requested all future results we may obtain, especially on the kinetic 

energies of photoelectrons. 

is measuring the optical constants of metals in the vacuum ultraviolet. He 

is using the duoplasmatroa as a light source (detailed drawings supplied by 

GCA),  and credits GCA with their success since they had no suitable light 

source and no "know how.'t Dr. Behring of the Solar Physics Branch at WSA- 

Goddard Space Flight Center has been using the GCA absorption cross-section 

values for N 

densities. 

The major invited papers of Interest were presented by Professor 

They have written soate theoretical papers on the 

They 

Dr. Marton, at the National Bureau of Standards, 

O2 and 0 for analysis of their satellite data on number 2, 
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Labor Category Labor Grade Total Hours 
__  

*Junior Technician 

qechnician 
Experimental Mchinist 

b 

Wenior Technician 
, Senior Experimental Machinist 

*Junior Scientist 
Junior Engineer 

*Scientist 
Engineer 

Senior Scientist 
Senior Engineer 

Staff scientist 

Principal Scientist 

Group Scientist 

ODC (Overhead Direct Charges) 

(I D I  I t  :: 

6 

7 

10 

6 

10 

303.00 

138 . 00 

491.50 

296.50 

374.50 

741 . 00 

459.00 

179.00 

108 . 00 

75.00 

120.00 

*and other equivalent categortes. 
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